In previous papers (5, 7-9), we reported polyvinyl alcohol (PVA) utilization by mixed cultures of bacterial symbionts. Pseudomonas sp. strain VM15C and Pseudomonas putida VM1SA represent a potent PVA-utilizing mixed culture and have been studied as typical symbionts. Strain VM15C is responsible for PVA degradation, whereas strain VM15A produces the growth factor (trivial name, factor A) essential for PVA utilization. Extracellular and cell-associated PVA oxidase activities appeared in cultures of strain VM15C at various ratios despite constitutive enzyme production (8) . In addition to the membrane-bound PVA oxidase, the cells contained PVA oxidase in the cytoplasm (8, 9) .
In the present work, the localization of PVA oxidase in the culture medium and cells of strain VM15C was examined together with PVA degradation by the cells.
MATERIALS AND METHODS Microorganisms and growth conditions. Pseudomonas sp. strain VM15C and P. putida VM15A were maintained in pure cultures on nutrient agar slants and used throughout this work. The basal, PVA, and peptone media were the same as previously described (5, 7) . Cultivation was carried out with 1 liter of media in 2-liter flasks at 30°C with reciprocal shaking. Growth was estimated turbidometrically from the optical density at 660 nm (ODM ).
Enzyme assay. PVA oxidase was assayed by determination of the amount of hydrogen peroxide formed (8) . Glucose-6-phosphate dehydrogenase was assayed by the method described by Bergmeyer et al. (2) .
Osmotic shock. Washed cells (1 g) were osmotically shocked by the method of Anraku and Heppel (1). The shock fluid, the shocked cells, and the supernatant (sucrose fluid) obtained after treatment of the cells in a 20% sucrose solution were used for assays of enzyme activities.
Fractionation of cell extracts by ultracentrifugation. Sonic extracts of cells were fractionated by ultracentrifugation by a method similar to that described by Schnaitman (6) . Washed cells suspended in 50 mM phosphate buffer (pH 7.5) were disrupted by sonic oscillation at 19 kHz for 30 min at 0 to 5°C. After removal of intact cells by centrifugation at 5,000 x g for 5 min, the sonic extract was centrifuged at 100,000 x g for 1 h at 4°C. The supernatant was incubated at 21°C for 30 min and then centrifuged at 100,000 x g for 1 h * Corresponding author.
at 4°C. The resulting supernatant was used as the coupled fraction from the cytoplasm and periplasm. The sediments obtained after ultracentrifugation were combined and suspended in the same buffer, and Triton X-100 was added to a final concentration of 20 mg/ml. After standing at 4°C for 12 h, the suspension was centrifuged at 30,000 x g for 1 h at 4°C. The resulting supernatant and sediment were used as the cytoplasmic membrane and outer membrane fractions, respectively.
Preparation of immobilized cells. Washed cells were mixed with 15 ml of agar (Agar Noble; Difco Laboratories, Detroit, Mich.) solution (50 mM phosphate buffer, pH 7.5) kept at 50°C. The suspension was immediately poured into a petri dish and allowed to cool. The resulting gel was cut to 3 by 3 by 2 mm.
Materials. Crude factor A was partially purified from the culture supernatant of P. putida VM15A by a method similar to that previously described (8) . PVA with a degree of polymerization (DP) of 45 was purchased from Aldrich Chemical Co., Milwaukee, Wis., and other PVAs (DPs, 500 and 1,500) were from Wako Pure Chemical Industries, Osaka, Japan. They were used after being washed with methanol in a Soxhlet extractor, and the concentration was determined as previously described (5).
RESULTS
Production of extracellular PVA oxidase. Growth of strain VM15C in PVA medium was dependent on the amount of crude factor A added to the medium. Production of PVA oxidase was examined in axenic cultures in PVA medium supplemented with factor A at different concentrations, in which strain VM15C showed different growth rates (Table  1 ). The culture with the highest specific growth rate exhibited low production of extracellular PVA oxidase activity with increased cell-associated activity. The ratios of the extracellular and cell-associated PVA oxidase activities were reversed in the culture with the lowest growth rate.
Subcellular localization of PVA oxidase. When strain VM15C was grown in peptone medium or peptone medium supplemented with factor A at 800 mg/liter, PVA oxidase was present mainly in the cells. Cells were grown in PVA medium (factor A, 800 mg/liter) and peptone medium (factor A, 0 and 800 mg/liter) and examined for subcellular localization of the PVA oxidase activity. After osmotic shock treatment of these cells, 13 to 44% of the activity was (Fig. 1) . No lag time was observed for PVA degradation. Almost complete PVA degradation occurred in dense cell suspensions. After 5 h of reaction, PVA oxidase activity of less than 10% of that initially present in the cells was detected in supernatants of these suspensions; in the suspension (OD660, 5) in which 63% of the PVA was degraded, an activity of 2.1 mU/ml was detected. On the other hand, in the reaction mixture which contained the sonic extract (PVA oxidase, 7 .0 mU/ml) instead of the washed cells and in which the activity was maintained during the reaction for 5 h, only 43% of the PVA was degraded. These results suggested that PVA oxidase retained by cells during the reaction contributed to the PVA degradation.
PVA degradation by immobilized cells. PVA was degraded by immobilized cells of strain VM15C entrapped in agar gels (Table 3) . PVA (DP, 500) degradation by immobilized cells in 3% agar was only slightly lower than that in the washedcell suspension with the same amount of cells in the gel ( Fig.   1; OD 6w, 5) . The extent of PVA degradation by the agar-im- mobilized cells increased as the molecular weight of PVA or the agar concentration was lowered. PVA degradation also occurred with cells of the strain entrapped in polyacrylamide and alginate gels; however, degradation was lower than for agar-immobilized cells.
DISCUSSION
PVA is a macromolecule which is not assumed to penetrate into cells. Also, PVA-degrading enzyme activity, which has been reported to result from a combination of PVA oxidase and oxidized PVA hydrolase activities, has been found in culture supernatants of PVA-utilizing bacteria (3, 4, (8) (9) (10) (11) . Therefore, PVA-degrading bacteria have been assumed to degrade PVA with an extracellular PVA-degrading enzyme. In this work, however, it was found that by increasing specific growth rates of Pseudomonas sp. strain VM15C on PVA, the production of extracellular PVA oxidase activity decreased, whereas the cell-associated PVA oxidase activity increased. Furthermore, greater PVA degradation occurred with whole cells than with the cell extract, although released PVA oxidase activity from the cells was lower than the activity of the cell extract. These facts suggest that strain VM15C degraded PVA with a cell-associated PVA-degrading enzyme. The distribution of cell-associated PVA oxidase in the periplasmic space was observed to be higher in cells grown in PVA medium supplemented with the factor A at 800 mg/liter than in cells grown on peptone. PVA degradation in periplasmic space is considered to be more effective than extracellular degradation because of subsequent uptake of the degradation product.
Also, the membrane-bound PVA oxidase is thought to participate in PVA degradation. PVA oxidase activity produced by this strain was always accompanied by high PVA dehydrogenase activity linked with phenazine ethosulfate, as reported previously for the membrane-bound PVA oxidase (9) . If PVA oxidation is coupled with the electron transport chain on the cytoplasmic membrane, then location of PVA oxidase in the periplasm and the membrane is significant. More than 95% of PVA oxidase of PVA-grown cells is located in these surface regions of cells. Accordingly, cells of VM15C were considered to function as an active PVAdegrading catalyst with a cell-associated PVA-degrading enzyme. This work also indicated that PVA degradation occurred rapidly in a dense cell suspension and was possible with immobilized cells entrapped in a gel matrix.
